Spitzer and AKARI observations have found that polycyclic aromatic hydrocarbons (PAHs) are present in nearby elliptical galaxies, but their spatial distributions are still unknown. In order to investigate their distributions, we performed deep spectral mapping observations of the PAH-detected elliptical galaxy NGC 4589, a merger remnant with a minor-axis optical dust lane. As a result, we obtain clear evidence that the PAH 11.3 µm emission comes predominantly from the dust lane of the galaxy. We also detect molecular hydrogen line emissions from the dust lane. The PAH 17 µm emission is distributed differently from the PAH 11.3 µm emission, and more similarly to the dust continuum emission. From their distinctive distributions, we suggest that the PAHs responsible for the 11.3 µm feature are secondary products through the evolution of the ISM brought in by the merger.
Introduction
Many elliptical galaxies are not ISM-free, which contain a considerable amount of cool dust (e.g. Knapp et al. 1989; Goudfrooij & de Jong 1995; Temi et al. 2004; Temi et al. 2007 ). Early Spitzer IRS observations have found that even polycyclic aromatic hydrocarbons (PAHs) are present in elliptical galaxies (Kaneda et al. 2005) . The spectra show that the PAH 11.3 µm feature is notably strong relative to usually the strongest 7.7 µm feature, which might be typical in evolved systems such as elliptical galaxies, i.e. the dominance of neutral PAHs over ionized ones due to very soft radiation fields from evolved stars. In addition to the PAH features, a series of H 2 rotational lines as well as ionic fine-structure lines (e.g. [NeII] and [NeIII] ) are detected from a large fraction of the elliptical galaxies, implying the presence of warm molecular and ionized gases (Kaneda et al. 2008a) . Their presence seems to be inconsistent with the dominance of neutral PAHs irradiated by soft radiation field.
What are the origin and fate of the PAHs in elliptical galaxies? How are they related with the warm molecular and ionized gases as well as the cool dust? How do their properties change from the center to outer regions? Spatial information is indispensable to disentangle various competing components and tackle these issues. To pursue follow-on studies of the early Spitzer discoveries, we performed deep spectral mapping observations of elliptical galaxies with the Spitzer IRS. In this Letter, we report the result of NGC 4589, a nearby E2 elliptical galaxy with a minor-axis optical dust lane (Möllenhoff & Bender 1 1989) . NGC 4589 has a complex stellar rotation field, although its morphology shows the smooth optical profile following the de Vaucouleurs law (Möllenhoff & Bender 1989) , which supports that the galaxy is a relatively old merger remnant. Recently, a core-collapse supernova (SN Ib 2005cz) was observed in this genuine elliptical galaxy (Hakobyan et al. 2008) ; SN Ib 2005cz is likely to be the end product of one of young stars, which were produced by the galaxy merger about 10 8 years ago (Kawabata et al. 2010) . NGC 4589 is an X-ray-emitting elliptical galaxy with a lowionization nuclear emission-line region (LINER) nucleus (O'Sullivan et al. 2001; Dressel & Wilson 1985; Willner et al. 1985) .
Our earlier IRS observation detected the PAH features from the galaxy in a staring mode but not in a mapping mode, and therefore we could not spatially resolve them (Kaneda et al. 2008a) . After the Spitzer detection of the PAH features, their spatial distributions were estimated from the AKARI 11 µm and 15 µm band images, while that of the far-infrared (IR) dust was obtained from the AKARI 90 µm image (Kaneda et al. 2008b) . They all show significant deviations from the smooth stellar distribution, from which Kaneda et al. (2008b) suggested that the PAHs and far-IR dust are mostly of an interstellar origin, rather than of a stellar origin. In this Letter, from the Spitzer/IRS spectral mapping of NGC 4589, we clearly find that the PAH 11.3 µm emission comes from the minor-axis dust lane, while the PAH 17 µm emission is distributed differently from the PAH 11.3 µm emission, and more similarly to the far-IR dust emission.
Observations
We observed NGC 4589 in a spectral mapping mode with the IRS (Houck et al. 2004) onboard Spitzer (Werner et al. 2004 ) on May 6-7, 2009. The total observation time was 7.7 hours. The data were taken in part of our Guest Observers (GO5) program (PI: H. K.; program ID: 50369). Starting with the basic calibrated data (BCD; pipeline version S18.7.0) reduced by the Spitzer Science Center (SSC), we extracted spectral image data by the CUBISM software (version 1.7) following standard procedures. Figure 1a shows the slit positions of the ShortLow (SL; 5.2-14.5 µm) and Long-Low (LL; 14-36 µm) modules. We made a 33 × 2 grid for SL with a ramp duration of 60 s for each exposure, and a 13 × 2 grid for LL with a ramp duration of 30 s for each. We shifted the slit in directions perpendicular and parallel to its length by 1 ′′ .85 and 3
′′ .0, respectively, for SL, and by 5 ′′ .1 and 9
′′ .0, respectively, for LL. The 50 % overlap of the slit aperture in the perpendicular direction is crucial for reliable estimation of the slit-loss correction factors for extended sources, which we could not obtain in our earlier IRS staring observations. The SL and LL slit directions are almost perpendicular to each other, resulting in the coverage of ∼ 1 ′ × 1 ′ area around the center of the galaxy by both modules. We repeated the same spectral mapping observations two and three times for SL and LL, respectively. From the spectral image data, we created the spectra of the central 15
′′ region. Figure 1b shows the resultant spectra, where the background spectra were created from eight slit-aperture data at the ends of the spectral mapping area for SL and four slit-aperture data for LL, and subtracted. In Fig.1b Figure 2 shows the contour maps of the PAH 11.3 µm and 17 µm emission features overlaid on the contour maps of the 5.5 − 6.5 µm and 30−35 µm continuum emissions, respectively. The 5.5 − 6.5 µm continuum emission shows a smooth stellar distribution, which is consistent with the 2MASS image in Fig.1a . However, the PAH 11.3 µm emission exhibits a distinctly elongated distribution, posessing an excellent spatial coincidence with the minor-axis optical dust lane (see Fig.2 of Möllenhoff & Bender 1989 ). Thus we for the first time obtain direct evidence that the PAH emission comes predominantly from the optical dust lane of the elliptical galaxy.
Results
The PAH 17 µm feature shows a spatial distribution different from that of the PAH 11.3 µm emission, apparently extending to the southeast and the west. Since the PAH 17 µm emission has a relatively small feature-to-continuum ratio, the distribution may be sensitive to uncertainties in the background subtraction. As plotted in Fig.2b , however, the 14 − 21 µm background continuum shows a smooth elliptical distribution entirely different from the PAH 17 µm feature and similar to the 5.5 − 6.5 µm continuum, supporting that the stellar emission dominates in the continuum at < 20 µm. Thus the above result is not affected by the uncertainties in the background subtraction. Both PAH distributions in Fig.2 are consistent with the earlier estimates based on the AKARI multi-band images (see Fig.3 of Kaneda et al. 2008b ). The 30 − 35 µm continuum emitted by very small dust grains also shows a hint of extension to the southeast, which is, at least, not of an elliptical shape as the stellar continuum emissions show.
The 11.3 µm feature is attributed to a C-H outof-plane bending mode mainly arising from neutral PAHs (Allamandola et al. 1989; Draine & Li 2007; Tielens 2008 ). The 17 µm broad feature is interpreted as the emission of larger PAHs with a few thousand carbon atoms in C-C-C in-and outof-plane bending modes (Van Kerckhoven et al. 2000; Peeters et al. 2004; Tielens 2008) . In general, larger PAHs can be excited by softer radiation field, which might cause the observed different distributions. However such soft radiation as optical emission from old stars is hard enough to excite PAHs with the number of C atoms of 100 − 1000 (Schutte et al. 1993) , which are main emitters of the 11.3 µm feature. The different distributions are therefore difficult to be explained only by variations in the radiation hardness. It is likely that the PAHs responsible for the 17 µm feature belong to a different population from those for the 11.3 µm feature.
In Fig.3 , we show the contour maps of other spectral components, although their S/Ns are rather low as compared to the PAH 11.3 µm emission in Fig.2 . The robust results obtained from these maps are as follows: (1) the molecular hydrogen line emissions come from the dust lane, similarly to the PAH 11.3 µm feature. (2) The [NeII] line emission shows a more compact distribution near the nucleus than the PAH 12.7 µm feature. (3) The [SiII] line emission shows a spatial distribution extending to the southeast and the west, similarly to the PAH 17 µm feature.
The presence of the H 2 lines implies that there is far-UV emission from early-type stars or shocks providing collisional heating. The spatial coincidence with the strong PAH 11.3 µm feature that reflects soft radiation field supports the latter sce- 
5.5 − 6.5 µm continuum 5.5 − 6.5 . . . 47 H2S(3) 9.6 − 9.8 9.2 − 9.6, 9.9 − 10.5 2.6 PAH 11.3 µm 11.0 − 11.8 9.9 − 11.0, 11.8 − 12.5 11 PAH 12.7 µm 12.6 − 12.9 13.0 − 13.2 2.5 [NeII] 12.9 − 13.0 13.0 − nario for heating the molecular gas. Sofue & Wakamatsu (1993) concluded that the molecular gas is probably situated only in the nucleus, since the velocity dispersion of the CO line, 105 km s −1 , is significantly lower than the rotation velocity of the dust lane (200 km s −1 ; Möllenhoff & Bender 1989 ). However we find that the molecular gas is indeed situated in the dust lane.
In Fig.3f , the X-ray image retrieved from the Chandra data archive is superposed on the [SiII] contour map, where the hot plasma also appears to extend from the nucleus to the west and the southeast. The early IRS study found a positive correlation between the [SiII] line and the X-ray luminosity from a sample of X-ray-emitting dusty elliptical galaxies (Kaneda et al. 2008a ). The spatial correlation in Fig.3f , together with the luminosity correlation, may suggest relatively abundant gas-phase Si in the hot plasma through sputtering destruction of dust grains where Si is depleted.
The highly-ionized gas responsible for the [NeII] and [NeIII] lines is likely to be associated with a low-luminosity AGN or LINER nucleus (Smith et al. 2007) , which is consistent with the relatively compact distribution of the [NeII] line emission as compared to that of the PAH 12.7 µm feature. Alternatively, the highly-ionized gas might be associated with the above hot plasma, since there is a hint of spatial correspondence in the low-level brightness for the [NeIII] line emission. From the difference in spatial distribution between the PAH features and these lines, we can, at least, deduce that the properties of the PAHs are not significantly regulated by hard radiation from the LINER nucleus.
In Fig.4 , we superpose the contour maps of the PAH 11.3 µm and 17 µm features onto the AKARI 90 µm image of NGC 4589 (Kaneda et al. 2008b) . Though their spatial resolutions are different, the distribution of the far-IR dust emission is extended in similar directions to that of the PAH 17 µm feature, both of which are apparently different from the stellar distribution. Since NGC 4589 is thought to be a 10 8 -year-old merger remnant, the distributed dust is likely to have been brought in by the merger, and so are the large PAHs emitting the 17 µm feature. Considering relatively short destruction timescales of the PAHs in the hot plasma, the large PAHs might have be produced later through the fragmentation of large carbonaceous grains (Onaka et al. 2010) . Then, part of the dust and gas are likely to have fallen into the center, which are settled into a ring or a disk (i.e. the dust lane). The distinctive spatial distribution of the PAH 11.3 µm emission perfectly following the dust lane indicates that the PAHs responsible for the 11.3 µm feature are not directly brought in by the merger but secondary products created at later evolutionary stages of the brought-in ISM. The similarity in the distribution between the PAH 11.3 µm feature and the H 2 line emission suggests that the PAHs may be created through grain surface chemistry in the same manner as H 2 formation in the dense gas region. In the absence of hard radiation field, the PAHs can well exist in superhydrogenated states, which even act as catalysts for interstellar H 2 formation 
Conclusions
With the Spitzer/IRS, we performed deep spectral mapping observations of NGC 4589, a merger remnant with a minor-axis optical dust lane. As a result, we obtain clear evidence that the PAH 11.3 µm emission comes predominantly from the optical dust lane of the galaxy. We also detect molecular hydrogen line emissions from the dust lane. The distribution of the PAH 17 µm emission is extended more widely in directions similar to that of the far-IR dust continuum emission. From their distinctive distributions, we suggest that the PAHs emitting the 11.3 µm feature are secondary products through the evolution of the ISM brought in by the merger, while the distributed dust and large PAHs emitting the 17 µm feature are relics of the merger. (Kaneda et al. 2008b) shown together with the contour maps of the PAH 11.3 µm (thin white lines) and PAH 17 µm (thick black lines) features, which are the same as Fig.2 .
